is the amount of enzyme needed to release 1.0 gmol of NH4+ per min at 37 C under specified conditions. Protein assays. Analyses of protein were performed spectrophotometrically as described by Layne (27) .
Purification of L-asparaginase from S. marcescens. The enzyme was extracted from washed cells and purified to homogeneity (Fig. 1) by a modification of the method of Ho et al. (23) described by . L-Asparaginase from E. coli was a generous gift from Horace D. Brown, Merck & Co., Inc., Rahway, N.J.
Determination of MW by disc-gel electrophoresis. The approximate MW of L-asparaginase was determined by the analytical gel method of Hedrick and Smith (20) , which consists of electrophoresis of the protein in a series of gels of increasing acrylamide concentration (Fig. 1) . The relative mobility (Rm) of the protein was measured, and 100 x log (Rm x 100) was plotted against the gel concentration. The slope of this line was calculated for alkaline phosphatase, lactic dehydrogenase, and catalase as standards. (Fig. 2) . L-Asparaginase in 10% sucrose solution was loaded directly on to the gel column without the large-pore gel spacer, and MW was calculated from a standard curve (Fig. 2) .
Approximate MW values of L-asparaginase were also obtained by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS). The subunits of the enzymes were first cross-linked by treatment with glutaraldehyde according to a modified procedure based upon that of Baltimore and Huang (2) . One part of 33% glutaraldehyde was added to 4 parts of enzyme solution, and the mixture was kept at 4 C overnight. The electrophoretic procedures followed were those of Dunker and Rueckert (12) . L-Asparaginase and the standard proteins were treated with 1% SDS, 4 (18) . However, the Nazarian analysis avoids the need for a synthetic boundary experiment in MW determinations (4, 11) . Sedimentation velocity studies were performed by both boundary analyses (8) with schlieren optics and by band analyses (39), with ultraviolet optics and an automatic photoelectric scanning system. The method of Martin and Ames (28) was also used with the Spinco model L centrifuge and sucrose gradients of 5 to 20%.
The relative hydrodynamic behavior of L-asparaginases was analyzed by the procedure described by Tanford (46 Amino acid analyses. Purified L-asparaginase (about 1 mg of protein) was dialyzed against four changes of glass-distilled water in the cold for 48 h and then hydrolyzed in 6 N HCI at 110 C within sealed, evacuated glass tubes for 48 h. Amino acid analyses were carried out in the Beckman amino acid analyzer model 120C as described by Moore and Stein (33) . Half-cystine was assayed as cysteic acid after performic acid oxidation (22) . The statistical treatment of the amino acid data was performed by standard procedures (32, 43) .
Determination of the relative hydrophobicity of Tanford (47) . This parameter is employed as a quantitative comparison of the relative stability of Lasparaginases and is derived from the amino acid analyses of the enzymes.
Chemicals and reagents. The chemicals and reagents employed are described elsewhere (4, 14) .
RESULTS
Estimation of MW by polyacrylamide gel electrophoresis. The Serratia enzyme manifested one major and one minor band on polyacrylamide gels (Fig. 1 ). An approximate MW of 180,000 was calculated for the major band (Fig. 2) . The minor band had a MW of about 330,000; it contained less than 5% of the protein in the major band and had no L-asparaginase activity. A MW of 133,000 to 135,000 for the E. coli enzyme was obtained with the same technique. Similar values for the MW of the E. coli enzyme have been reported by others (1, 16, 41) .
It was possible that nonspecific aggregation occurring during electrophoresis of the enzyme could have been responsible for the relatively high MW obtained for the Serratia enzyme. We therefore treated the enzyme with glutaraldehyde to covalently link subunits. MW values of about 177,000 for Serratia enzyme and 137,000 for E. coli enzyme were obtained (Fig. 3) Table 1 . Cystine and tryptophan appear to be absent in the Erwinia enzyme, which contained a relatively large proportion of arginine. The Serratia and Erwinia enzymes manifested greater average hydrophobicities than the E. coli enzyme (Table 1) .
Isoelectric point. The isoelectric points of Serratia and E. coli enzymes were observed to be 5.2 and 4.6, respectively. The Serratia preparation focused into one major band having most of the enzyme activity and a minor band with about 5% of the activity (Fig. 7) . The E. coli enzyme separated into three major bands each of which contained active enzyme (Fig. 7) . (7), and P. vulgaris (50) .
DISCUSSION
The possibility that the Serratia enzyme exists as a pentamer or hexamer was suggested from our MW determinations employing gel electrophoresis and strengthened by our ultracentrifugal analyses. The nature of the data obtained by ultracentrifugal analysis merits some additional comment. Evidence has been presented that the S. marcescens enzyme preparation employed in these studies was an homogeneous preparation, and that it sedimented more rapidly than the E. coli and Erwinia is proportional to the square of the distance from the center of rotation to the specified points (radius). The initial protein concentration was 1.5 mg/ml. (B) The MWW(app) Of S. marcescens L-asparaginase was estimated at 179,500 by the combined methods of Griffith (18) and Nazarian (34) as described by DiCamelli et al. (11) . The initial protein concentration was 1.5 mg/ml and the rotor speed was 9,000 rpm. Symbols: (Q) constant interval through which fringe numbers are measured, (J) number of fringes in this interval.
enzymes. The f/f,,in values (46) (39, 49) . Since the lowest MW found was greater than that of the monomer (50,000 versus 32,000), it appeared that dissociation was not complete. After centrifugation only 70% of the enzyme activity was retained, indicating the possibility of a partial, irreversible dissociation. Finally, the dissociation was shown to be dependent upon the time required to reach equilibrium in the centrifuge. When the time required to reach equilibrium was decreased from 48 to 13 h, no dissociation occurred, and the MW values that were obtained for a "homogeneous" protein were in close agreement with those obtained from gel electrophoresis.
The subunit MW of the Serratia and E. coli enzymes obtained from gels approximated our values from analytical ultracentrifugation, and our values for the E. coli enzyme compare well with previously reported values (16, 17, 40) . However, there may be some doubt about our subunit MW values from ultracentrifuge data since our v, value was determined from amino acid analyses only, and the v of proteins can be altered in guanidine hydrochloride due to hydration and solute-solvent interactions (48). Tanford et al. (48) found that the v, of a protein in 6 M guanidine hydrochloride was 0.01 ml/g less than the v, in dilute aqueous salt solutions. The differential stability of the Serratia, Erwinia, and E. coli asparaginases in aqueous solution was examined from the viewpoint of hydrophobicity, which is important for the stability of proteins in the presence of denaturants (3, 6, 47) . An examination of the data indicates a correlation between hydrophobicity and dissociation characteristics of the enzymes. For instance, the Erwinia enzyme was resistant to complete dissociation in 8 M urea and 1% SDS (7), and the Serratia enzyme was slightly less resistant in that 8 M urea, but not 1% SDS, completely dissociated the enzyme. On the other hand, the E. coli enzyme was completely dissociated by 0.1% SDS under mild conditions. These differences are reflected in the following average hydrophobicities (3) of the enzymes: 1.055, 1.035, and 0.998 kcal/residue were calculated for the enzyme from Erwinia, Serratia and E. coli, respectively ( Table 1 ). The importance of hydrophobic interactions to the dissociation of L-asparaginase has been discussed by Cammack et al. (7) . These investigators suggested that the interaction binding the subunits of Erwinia enzyme was hydrophobic in nature because optical rotatory dispersion spectra indicated an apparent increase in helix content of the subunits released by SDS. This absence of polypeptide unfolding with dissociation was taken to indicate that hydrophobic interactions existed between subunits. The calculated hydrophobicities for the enzymes suggest that the subunits of Serratia and Erwinia enzymes are bound together in a similar fashion. In the Erwinia enzyme, disulfide bonds are not involved since no half-cystine residues were observed (7). The Serratia enzyme was not completely dissociated by 1% BME but contained three half-cystine residues per subunit. Data obtained from isoelectric focusing indicate that the Serratia and E. coli enzymes are acidic proteins (23, 29, 52) , whereas the Erwinia enzyme is a basic protein (7) . The isoelectric point we observed for the Serratia enzyme differs from that of the E. coli enzyme. This difference may not be significant in view of the findings of Laboureur et al. (26) , who reported the appearance of species of E. coli enzyme of increasing electronegativity during purification and storage. The change observed was temperature dependent and it occurred at low temperatures. These investigators suggested that the changes were nonenzymatic and were analogous to alterations in cytochrome c in which the conversion of subfraction cy I occurs successively to cy II, cy III, and cy IV with the release of sufficient ammonia for the hydrolysis of one amide group per conversion (15) . This might also explain why Mashburn and Landin (29) In conclusion, evidence has been presented that L-asparaginase from Serratia is a somewhat larger molecule than the enzyme from E. coli and certain other bacteria; furthermore, the Serratia enzyme may exist as a pentamer or, more likely, a hexamer rather than the usual tetrameric form of bacterial asparaginases. The Serratia enzyme also possesses more hydrophobicity and is thus more resistant to certain denaturants that the E. coli asparaginase. The Serratia and Erwinia enzymes are similar in these latter respects. The increased size and hydrophobicity of the Serratia enzyme compared with E. coli L-asparaginase possibly could account for the decreased blood clearance rate of the Serratia enzyme in the C3H mouse (5) . This in turn might explain the relatively greater efficiency of the S. marcescens enzyme in the regression of the 6C3HED lymphoma in the C3H mouse (4, 5) .
